Progress in integrated nanophotonics has enabled large-scale programmable photonic integrated circuits (PICs) for general-purpose electronic-photonic systems on a chip.
electrical heaters, [24] [25] 30, 44 instead, can locally select and arbitrarily extend the switching region by increasing the size of the heaters. Therefore, this approach intrinsically eliminates all the above problems, enabling large-area phase-change photonic devices 22, 25 with the potential of strong optical modulation and high-complexity integration. However, among the few works based on this approach, [24] [25] 30, 44 no fast (> 10 MHz) and energy-efficient (~10 aJ/nm 3 ) electrical control has been reported so far. To maximize the advantages of thermal-conduction heating in terms of both optical and heating performance, the optical waveguide and heating system of phase-change integrated nanophotonic cells (PINCs), i.e. the fundamental unit of PCM-integrated photonic devices, remain to be improved and the heating process requires to be analyzed and optimized. To assist the development of the future large-scale PCM-based PICs, it is also important to develop a comprehensive model that has the capability of controlling and predicting the device performance.
In this work, we propose and model electrical switching of nonvolatile PINCs with graphene heaters based on the programmable GST-on-silicon platform. 16, 22, 25 Thanks to the ultra-low heat capacity and high in-plane thermal conductivity of graphene, [53] [54] the proposed structures exhibit a high switching speed of ~80 MHz and high energy efficiency of 19.2 aJ/nm 3 (6.6 aJ/nm 3 ) for crystallization (amorphization) while achieving complete phase transitions to enable high optical contrast (~6.46 dB/µm or ~0.28 p/µm at 1550 nm). Further analysis implies that gigahertz operations and energy efficiency near the fundamental limit 36 are possible for partial crystallization or amorphization that can be applied in multi-level operations. By comparing graphene with indium tin oxide (ITO) and silicon p-i-n diode heaters, we conclude that the PINCs with graphene heaters have the best heating and overall performance with two orders of magnitude higher figure of merits. By tuning the Fermi level (E F ) of graphene to the Pauli blocking region, [55] [56] [57] [58] even better optical performance and lower operation voltage can be achieved.
RESULTS AND DISCUSSION
Device Configuration and Modeling. As illustrated by Figure 1a , the proposed PINC is composed of a GST-on-silicon hybrid waveguide (where a thin film of GST with a width of w GST and a thickness of h GST is placed on top of the silicon rib waveguide) with a certain length (L) based on a silicon-on-insulator (SOI) wafer with a 220-nm-thick silicon layer on top of a 3-µm-thick buried oxide. The geometry is similar to the one recently reported for optical switching. 16 To conduct the electrical switching, the PINC is conformally covered with monolayer graphene as the external heater with palladium contacts and a capping layer of SiO 2 . Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, has recently been introduced to integrated nanophotonic devices as a transparent heater [59] [60] [61] due to its high intrinsic in-plane thermal conductivity, ultra-low heat capacity, tunable transparency and conductivity as well as good flexibility and compatibility with complementary metal-oxide-semiconductor (CMOS) processes. [53] [54] [55] [56] [57] [58] 62 Consequently, graphene is a promising candidate for external heaters in PINCs with great potential for high-speed and low-energy electrical switching. In order to evaluate the optical performance of the PINC, the input and output ports of the PINC are assumed to be connected with regular silicon waveguides, which is the case for most applications. Optical mode analysis is performed based on the frequency-domain finite-element method (FEM) using COMSOL Multiphysics (see Methods). Differing from the self-heating approaches, electrical switching using external heaters relies on the transfer of electrical pulse-generated Joule heat from heaters to PCMs to actuate the phase transitions. For amorphization (Figure 1b , Reset), a single pulse with high power is applied to the contacts to increase the temperature of PCMs above the melting point (T m ) and then immediately removed to obtain rapid quenching, leaving PCMs in the disordered glass state with low refractive index (n) and extinction coefficient (k). For crystallization (Figure 1b , Set), PCMs are heated just above the glass transition temperature (T g ) but below T m by applying a pulse with relatively low power for a long time to enable nucleation of small crystallites and subsequent growth of them, resulting in high optical constants in the crystalline state. To analyze the Set and Reset processes of the proposed PINC, we have established a fully coupled electro-thermal two-dimensional (2D) time-domain FEM model (see Methods) based on the cross-section of the PINC (Figure 1a , inset).
Here, we assume that the phase transitions smoothly occur in a small temperature interval of DT m = 10 K (DT g = 100 K) centered at T m = 888 K (T g = 673 K) for the fast melting (the relatively slow crystallization). 52, 63 Our model can be further improved by incorporating accurate kinetic description of the phase transitions, including melting, vitrification, nucleation, and growth. 2D simulations are more than sufficient to evaluate the heating performance given that the geometry of the PINC remains constant in the light propagation direction (assumed to be 1 µm in this work) and the boundary-effect-induced nonuniform heating in the interface between the PINC and the regular waveguides can be alleviated by fully covering the PINC with a larger heater. 44 Optical Performance. For large-scale programmable photonic applications, strong optical modulation and low insertion loss are essential for the optimal optical performance of the PINCs.
Here, we define an optical figure of merit FOM 1 = Dn eff /k effa , where Dn eff denotes the effective refractive index (n eff ) change between the PINC with crystalline GST (cGST) and amorphous GST (aGST) that determines the modulation strength and k effa is the effective extinction coefficient (k eff ) of the PINC with aGST that reflects the insertion loss of the device as generally the loss for cGST is much larger than that for aGST. Both of the parameters are of great importance for optical phase modulation and the previously reported phase-change coupling modulation. 22, 64 One can also define the optical figure of merit as Dk eff /k effa for attenuation modulation (with Dk eff being the effective extinction coefficient change). However, here we will primarily focus on FOM 1 since both of the figure of merits have similar behavior ( Figure S1 ). As the optical performance of the GST-on-silicon waveguides are quite broadband near 1550 nm for at least 40 nm, 16 the following analysis is conducted at the single wavelength of l = 1550 nm. Improvement of FOM 1 can be achieved by optimizing the geometry of the GST-on-silicon hybrid waveguide. As FOM 1 does not strongly depend on the dimensions of the silicon rib (Figures S1a, S1b), only the influence of the size of the GST film is discussed here while the width and height of the silicon rib are fixed to be 500 nm and 120 nm, respectively. According to the mode analysis, strong modification of the mode profile and the complex effective index ( = n eff − k eff i) can be observed once the GST is electrically switched between the amorphous (Figure 2a ) and crystalline ( Figure 2b ) states, indicating substantial refractive and absorptive modulation effects.
Figures 2c and 2d summarize the variation of the effective refractive index and attenuation coefficient (a = 4pkeff/l) of the hybrid waveguide with respect to the GST geometry for aGST and cGST. As expected, both the parameters and FOM 1 (Figures S1c, S1d) increase with the increase of the GST width and thickness. Therefore, in the following analysis, we select the width of the GST film to be as large as 500 nm (same as the width of the silicon rib). However, the thickness of the GST film is set to be 20 nm by default unless otherwise specified considering the trade-off between FOM 1 and the difficulty in switching (to be discussed later) as well as the signal-to-noise ratio in real experiments. correspond to the structure in (a) and (b) and denote the adopted waveguide geometry for the following analysis unless specifically pointed out. Here, the width and height of the silicon rib are fixed to be 500 nm and 120 nm, respectively. Neither heaters nor metal contacts are involved at this stage. The optical performance can also be enhanced by reducing the additional loss from the metal contacts and heaters. Although placing the electrodes far away from the rib can theoretically avoid high insertion loss ( Figure S2 ), it will compromise the energy efficiency since part of the generated heat will be dissipated around the long slab region. In this case, we choose the distance between the electrodes and the rib to be as close as 500 nm (the thickness of the metal is set to be 50 nm) while maintaining moderate additional loss of ~0.01 dB/µm. The wet-transferred graphene grown by chemical vapor deposition usually has a Fermi level of around −0.28 eV ~ −0.23 eV. [65] [66] Here, we assume the Fermi level of graphene to be −0.26 eV that leads to additional loss of ~0.1 dB/µm (see Methods and Supporting Section 6). To suppress the loss from graphene, one can electrically tune the Fermi level of graphene to the Pauli blocking region where interband transitions of electrons are prohibited (i.e. E F < −0.4 eV for the wavelength of 1550 nm) through a gate electrode. [55] [56] [57] [58] This can potentially reduce the loss of graphene to ~0.002 dB/µm (see Methods and Supporting Section 6) while the increased energy consumption is significantly less than the switching energy (to be discussed later) and thus is negligible. As a result, our proposed PINC exhibits a FOM 1 of ~50 (~140 with gated graphene) and propagation loss per unit length of ~0.15 dB/µm (~0.05 dB/µm with gated graphene) with an attenuation modulation of ~6.46 dB/µm and an optical phase modulation of ~0.28 p/µm at 1550 nm. The loss due to the mode mismatch between the regular silicon waveguide and the hybrid waveguide is ~0.03 dB on each side.
Heating Performance. In order to operate the electrical switching with high heating performance in terms of high switching speed and energy efficiency, the real-time temperature (T) distribution of the PINC in response to an electrical pulse is calculated and analyzed based on the electro-thermal model. To successfully actuate the phase transitions without damaging the device, the raised temperature during the heating must be subjected to several constraints (the cooling rate during the quenching is also required to be about 10 10 -10 11 K/s 52 that is generally satisfied in our simulations). For crystallization, the temperature within the GST should be greater than T g + DT g /2 to ensure adequate nucleation and growth but less than T m − DT m /2 to prevent re-amorphization.
For amorphization, the temperature of the GST has to be elevated above T m + DT m /2 but not so high to induce ablation. Besides, the temperature within the electrodes, heater, silicon waveguide, and silica cladding should always be kept below their melting points. In other words, the temperature gradient within the GST and the heat accumulating in other regions limit the implementation of the phase transitions. Figure 3d , P 0 = 14 mW) can proceed without re-amorphization. However, a very high-power pulse or a thick GST film will result in serious re-amorphization ( Figure S4 ) due to the large temperature gradient within the GST. Further analysis (Figures 3e and 3f ) confirms that the temperature gradient at the end of a heating pulse (without phase transitions) rises dramatically with the increase of the pulse power and the thickness of the GST film but increases less sensitively with the pulse width. Since small DT is desirable for a practical Set (Reset) process without any reamorphization (ablation) and melting of other materials, a thin film of GST and a pulse with moderate power are preferred. In the following analysis, we will investigate the influence of pulse power, pulse width, and the thickness of the GST film on the switching speed and energy efficiency. The switching speed of the PINC is limited by the pulse width and the dead time (t, 1/e cooling time) due to the thermal relaxation. As the Set process usually requires a relatively longer pulse and thus determines the ultimate speed, we mainly discuss the thermal relaxation of cGST and the crystallization period (t ac , defined as the summation of the required pulse width Dt ac and corresponding dead time t ac for crystallization). As presented in Figures 4a and 4b , the transient temperature response due to the heating and cooling of the cGST (without phase transitions) shows considerably higher cooling rates for shorter pulses. This could be intuitively understood that for longer pulses, more energy will get lost into the waveguide and substrate due to the thermal diffusion, 26, 29 so that a larger heat capacity and a longer thermal time constant are expected leading to a longer dead time (and a lower energy efficiency as will be discussed later). In contrast, the dead time depends little on the pulse power ( Figure S5a ) and the thickness of the GST film ( Figures   S6a, S6b ). This is, however, not the case for the crystallization. The minimum pulse width (Dt ac ) required to achieve complete crystallization rapidly decreases with the increase of the pulse power ( Figure S5b , with a fixed GST thickness) and linearly drops with the decrease of the GST thickness ( Figure S6c , under fixed pulse power). As a result, the dead time (t ac ) decreases a lot accordingly (because the pulse width is shorter). This is especially conspicuous if we consider the optimal (fastest) case (Figure 4c ) that the maximum pulse power allowed to actuate crystallization without re-amorphization (limited by the temperature gradient as discussed earlier) is applied. The crystallization period substantially reduces with the increased power for the thinner GST film.
Therefore, to obtain high-speed operations, a thin film of GST and a short pulse (enabled by using high-power pulse) are needed. For the PINC with 20-nm-thick GST, the switching speed can be as fast as ~80 MHz (with Dt ac = 8 ns, t ac = 4.47 ns) that is one or more orders of magnitude larger than previous results. [24] [25] 30, 44 It is worth noting that for partial crystallization, Dt ac can be even less than 1 ns for 10-nm-thick GST (Inset of Figure 4c ), inferring that gigahertz operations are possible. In order to achieve high energy efficiency, similar rules of thumb can be found. Here, the energy efficiency (h) is defined as the ratio of the absorbed heat energy in GST (E GST ) at the end of a pulse and the applied electrical pulse energy (E pulse ) and can be given by (1) where ρ is the material density, C p is the specific heat, T 0 is the initial ambient temperature (293 K), and the integral domain is over the entire GST film. As the Set process usually consumes more energy, we primarily discuss the energy efficiency of heating the aGST and crystallization. Similar to the dead time, the energy efficiency of heating (without phase transitions) significantly diminishes with the increase of the pulse width ( Figure 5a ) but is insensitive to the change of the pulse power (Inset of Figure 5a and Figure S7 ). However, the energy efficiency is improved with the increase of the GST film (Figure 5b) . This may mislead one to choose a thick GST film for low energy consumption. Indeed, if the crystallization is involved, a thin film GST requires a much shorter pulse to optimally actuate the phase transitions (using the maximum allowed power, Figure   4c ) that ultimately results in higher energy efficiency for crystallization (h ac , blue line in Figure   5c ). In comparison, if a pump pulse with a fixed power is utilized, since the required pulse width does not increase much ( Figure S6c ), hac will still rise with the increase of the GST thickness (red line in Figure 5c ). Consequently, a thin film of GST and a short pulse optimized by high power are critical to enable high energy efficiency. In other words, a fast PINC is also an energy-efficient device. For the PINC with 20-nm-thick GST, the consumed energy for crystallization can be optimized to be as low as ~0.192 nJ (19.2 aJ/nm 3 ) with energy efficiency of ~3.5% that is at least one order of magnitude more efficient than previous results. [24] [25] 30, 44 Based on a similar trend, the consumed energy for amorphization can be as low as 0.066 nJ (6.6 aJ/nm 3 ) that is almost two or more orders of magnitude more efficient than previous results. [24] [25] 30, 44 Note that the energy efficiency can be further improved if partial crystallization or amorphization is needed which is essential for multi-level operations. In this case, the pulse width can be much shorter (< 1 ns as discussed earlier) so that it is possible to reduce the energy consumption to near the fundamental limit (1.2 aJ/nm 3 ). 36 Comparison with ITO and p-i-n Heaters. From the above analysis, the proposed PINCs with graphene heaters exhibit excellent optical and heating performance. However, there exist two other candidates for transparent heaters. First, Indium tin oxide (ITO) is a common transparent conductor that has been widely used in optoelectronics and display technology. Moreover, silicon itself could act as a transparent heater as long as the cores of the waveguides are not heavily doped. In this case, to achieve enough conductivity while maintaining low loss, a p-i-n junction could be adopted. 25 This type of heaters is only valid for silicon photonic platform in contrast to those nonvolatile silicon nitride photonic devices. Here, we compare the performance of PINCs with ITO, p-i-n, and graphene heaters through similar electro-thermal models (see Methods). As illustrated in Figure S8 , all three types of PINCs have the same rib waveguides and electrodes, but for the PINCs with ITO heaters, the rib waveguides are conformally covered with 20-nm-thick ITO while for the PINCs with p-i-n heaters, the slabs are heavily doped by boron and phosphorus ion implantation (10 20 cm -3 ), 100 nm away from the left and right edge of the rib, respectively. near the GST is concerning. In contrast, for p-i-n heaters the fabrication is relatively simple and CMOS-compatible and the temperature gradient is small due to the high thermal conductivity of silicon. In fact, such p-i-n heaters are already part of the silicon photonics foundry processes and thus can be readily adopted for phase-change material photonics. The optical performance and the conductivity of the heaters for all the PINCs strongly rely on the carrier density of the heater materials. By electrical tuning the Fermi level to the Pauli blocking region, the additional loss from graphene is significantly suppressed so the PINCs with graphene will have the best optical performance. In the meanwhile, the conductivity of graphene is desirably increased, meaning that a lower operation voltage is needed (the present voltage for Reset is ~15 V). For the PINCs with ITO and p-i-n heaters, since the increase of the carrier density will increase the extra loss, there exists a tradeoff to keep a moderate conductivity while maintaining low optical loss. centered at T m = 888 K (T g = 673 K) of GST for melting (quenching and crystallization) with latent heat of 66.81 kJ/kg (exothermic heat of 37.22 kJ/kg) involved. 52, 63 Note that T g is set to be higher than usual (~423 K) due to the increased T g at a high heating rate. 63 The optical performance of the PINCs with graphene heaters is simulated using a frequency- Figure S7 . Power-dependent energy efficiency for different pulse widths. The pulse power is selected to be low enough in order to heat the aGST without inducing any phase transition. Figure S8 . Cross-section schematics of the PINCs with graphene, ITO, and p-i-n heaters. p++ (n++), heavily doped p (n)-type silicon region. i, intrinsic silicon region. Table S1 lists the main material parameters used in our simulations. Note that, thermal boundary resistance (TBR) was applied to all the internal boundaries and depends both on the temperature and phase of GST. [1] [2] [3] [4] The optical conductivity of graphene is calculated according to the Kubo formula at the Fermi level of −0.26 eV. 5 The refractive index and electrical conductivity of ITO are determined by Drude model with a carrier density of 3 × 10 20 cm -3 . 6 Table S1 . Main material parameters used in simulations. Si 3.4777 + Dn [7] Dk [7] N/A k(T) [8] Cp(T) [9] 2329 SiO2 1.444 0 N/A k(T) from COMSOL Cp(T) from COMSOL 2200 ITO 1.4497 [6] 0.0923 [6] 2 × 10 5 [6] 3.2 [4] Cp(T) from COMSOL 7100 Graphene s = 6.05 × 10 -5 + 6.19 10 -6 i [5, 10] sDC(T) (Rs = 800 W/□ at 293 K) [11] k(T) (160 at 293 K) [12] [13] Cp(T) [12] 2271
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